Free grafts of the extensor digitorum longus (EDL) muscle in 4-month-old rats regenerate 2-3 times better than in 24-month-old rats. Based on these data, we formulated the working hypothesis that deficient reinnervation is one of the most important age-related environmental factors within the host that might account for the poor regeneration. In the present experiments, we compared the regeneration of EDL muscles in two groups of young and old rats: (a) 21-day grafts, with fibers regenerating in the absence of nerves, and (b) Marcai tie-treated muscle with fibers regenerating in the presence of uninterrupted innervation. The specific hypothesis was that, under each of these circumstances, reinnervation was not involved and age-related differences in regeneration would not be seen. Differences were assessed by measurements of mass and maximum isometric force normalized to values for age-matched control muscles. In the absence of nerves, the degree of regeneration in 21-day noninnervated EDL grafts was not significantly different between young and old rats. Similarly, when EDL muscles were damaged by Marcaine and regenerated in the presence of uninterrupted innervation, no differences were noted between young and old rats. These data support the working hypothesis that a deficiency in reinnervation with increasing age accounts, at least in part, for the poorer success of muscle regeneration in grafts in old compared with young rats. S EVERAL authors have reported that limb muscles regenerate less well in old compared to young mammals (Gutmann and Carlson, 1976; Zacks and Sheff, 1982; Carlson and Faulkner, 1988; Sadeh, 1988) . A major question arising from this observation is whether the reduced success of muscle regeneration in old animals is due to a reduction in the intrinsic capacity of muscle fibers to regenerate, or if the differences can be accounted for by hostrelated environmental influences. These options were tested by a cross-age muscle transplantation model.
S
EVERAL authors have reported that limb muscles regenerate less well in old compared to young mammals (Gutmann and Carlson, 1976; Zacks and Sheff, 1982; Carlson and Faulkner, 1988; Sadeh, 1988) . A major question arising from this observation is whether the reduced success of muscle regeneration in old animals is due to a reduction in the intrinsic capacity of muscle fibers to regenerate, or if the differences can be accounted for by hostrelated environmental influences. These options were tested by a cross-age muscle transplantation model.
Using nerve-implant muscle grafting techniques, Carlson and Faulkner (1989) transplanted extensor digitorum longus (EDL) muscles from 4-month to 24-month-old inbred rats and vice versa. Based on mass, contractile properties, and histology, old EDL muscles grafted into young hosts regenerated as well as young EDL autografts; conversely, young EDL muscles grafted into old hosts regenerated no better than old EDL autografts. This experiment indicated that the environment provided by the host, rather than factors intrinsic to the muscles, was the major determinant of the quality of muscle regeneration.
Many potential host-related factors could influence the course of muscle regeneration, among them being the rate or degree of reinnervation of the regenerating muscle. An evaluation of the host-related factors that might impair the ability of nerve-implant grafts in old rats to regenerate less well than those in young rats led to the formulation of the working hypothesis that the diminished success of regeneration in nerve-implant grafts in old rats resulted from impaired reinnervation. From the working hypothesis that poor reinnervation accounted for poor muscle regeneration in old rats, we posed the specific hypothesis that (a) in the absence of innervation, or (b) in the presence of uninterrupted innervation, the recovery of mass and force development should not be different for regenerating muscles in young and old rats. Our rationale was that if muscle regeneration is equivalent in young and old rats under both of these circumstances, as opposed to nerve-implant grafts in which regeneration is 2-3 times greater in young than in old rats, our working hypothesis would be supported. The main feature of the present experiments is that peripheral nerve regeneration is not a variable.
MATERIALS AND METHODS
Experimental animals and design. -This study was conducted on 49 specific pathogen-free male Fischer 344 rats (Harlan Sprague Dawley, Indianapolis) and 14 specific pathogen-free male WI/HicksCar rats (a highly inbred strain of Wistar rat formerly referred to as the F-455 strain), 4 and 24 months of age. The study consisted of two sets of experiments to produce muscle damage: (a) by the free grafting of whole EDL muscles, and (b) by the use of Marcaine injections. In each case, the contralateral EDL muscle served as a control.
All operations were conducted with the rats under ether anesthesia. The operations and subsequent animal care were carried out in accordance with the guidelines of the Unit for Laboratory Animal Medicine at the University of Michigan. After muscle grafting, the rats were placed on oral Terramycin for 7 days. At the termination of the experiment, the rats were killed by an overdose of the anesthetic.
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in these legs was resected locally so that the graft would remain denervated while overall function of the leg was retained. As has been demonstrated by the absence of a response to nerve stimulation and by nerve staining procedures, this procedure delays innervation of the grafts beyond 21 days (Carlson, unpublished data) . At 21 days after transplantation, the noninnervated grafts and contralateral control muscles were removed from the rats for physiological and morphological analysis.
Nerve-implant EDL grafts. -To compare the effects of nerve regeneration on the development of 21-day muscle grafts between young and old rats, nerve-implant EDL muscle grafts were performed on groups of 4-and 24-monthold F-344 rats. Operative procedures were identical to those of the noninnervated groups except that at the time of grafting the stumps of the motor nerves were directly implanted into the grafted EDL muscles. This procedure allows the muscle grafts to become innervated by 21 days.
Marcaine injection. -The second experiment consisted of injecting the right EDL muscles of young and old rats with bupivacaine (Marcaine, Winthrop, New York). Marcaine causes severe muscle fiber damage (Benoit and Belt, 1970; Hall-Craggs, 1980) without interrupting the motor nerve fibers (Jirmanova and Thesleff, 1972; Ferre et al., 1989) or blood supply (Foster and Carlson, 1980; Grim et al., 1983) within the muscle. For Marcaine injections, the rats were anesthetized and the right EDL muscles were surgically exposed. To produce maximum muscle damage, the muscle was injected with as much .75% Marcaine as it could hold (typically about 125 |xl). Groups of Marcaine-injected and control muscles were removed and tested for contractile properties and histology at 2 days and at 60 days. At 2 days, damage to the muscle fibers was maximum, and at 30 days recovery of the muscle fibers was complete.
Physiological analysis. -The control EDL muscles, noninnervated EDL grafts, or Marcaine-treated EDL muscles were exposed and dissected free of other tissues. Sutures were placed around the distal and proximal tendons, and the tendons were subsequently severed. The muscle was then removed from the rat and secured at constant length in a tissue bath containing a Krebs-Ringer bicarbonate solution comprising (in mM): NaCI (137), KCI (5), CaCl 2 (2), MgSO 4 (1), NaH 2 PO 4 (1), NaHCO 3 (24), and tubocurarine chloride (0.025). The solution was maintained at 25 ± 0.2 °C and gassed with 95% oxygen and 5% carbon dioxide. One tendon of the muscle or graft was tied to a fixed post and the other end to a Cambridge servomotor/force transducer (model 305). Platinum electrodes were immersed in the bath on either side of the muscle. Muscles were stimulated by the current flow between the two electrodes produced by square wave pulses (0.2 msec in duration).
The current flow was slightly greater than that necessary to produce a maximum isometric twitch contraction. This amount of current has also been shown to produce a maximum isometric tetanic contraction (Brooks and Faulkner, 1988) . The muscle length was adjusted to optimum length for force development (L o ). All subsequent measurements were made at L o . Measurements were made of time to peak twitch force (TPT), half-relaxation time (RT'te), maximum isometric twitch force (P t ), and maximum isometric tetanic force (P o ). The P o was determined by increasing the frequency of stimulation until force plateaued.
Following the measurement of the contractile properties, the muscles and grafts were weighed. The fiber lengths of EDL muscles and grafts of this strain have been measured frequently by nitric acid digestion. Fiber lengths are also checked repeatedly by measurement of fiber lengths of partially dissected bundles with caliper and light microscopy. The fiber length/muscle length (.40) is quite consistent for control muscles and varies for grafts with the age of the graft. The total fiber cross-sectional area (CSA) was calculated from CSA = muscle mass (g)/L f (cm) X 1.06 g/cm 2 (muscle density). The specific P o (kN/m Morphological analysis. -Upon completion of physiological analysis of the grafted muscles, grafts were frozen by immersion in a mixture of dry ice and isopentane. The frozen grafts were then sectioned serially at 24 fxm in the longitudinal plane. The sections were placed upon EDTA-coated slides and stained for nerve fibers and motor endplates with a combined silver/acetylcholinesterase stain (Goshgarian, 1977) . After physiological analysis of the Marcaine-treated muscles, the muscles were fixed in Bouin's solution, embedded in paraffin, cross-sectioned at 7 u,m, and stained with hematoxylin and eosin to verify the extent of muscle fiber degeneration and regeneration. Portions of Marcaine-treated muscles were fixed in 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, washed in phosphate buffer, and embedded in Epon. Thin sections were examined with a Philips CM-10 electron microscope.
Statistical treatment of the data. -For each variable measured in each of the experimental and control groups, means and standard errors were determined. Criteria tested for differences in regenerating groups were the muscle mass, P o , and specific P o . Significant differences for those three variables were determined for the main effects within three groups: the noninnervated graft group, the nerve-implant group, and the Marcaine-treated group, with a control group for each. Differences were determined by an analysis of variance (ANOVA) in a general linear model algorithm appropriate for unequal sample sizes (Statistical Analysis System, Cary, NC). For the control/noninnervated groups, the main effects analyzed were group (experimental vs control rats), age (young vs old), and the strain of rat (Fischer vs WI/HicksCar). The control/nerve-implant groups and the control/Marcaine-treated groups were each analyzed separately with an ANOVA. Because only old Fischer rats were available for these experiments, these two data sets were analyzed for the main effects of group (experimental vs control rats) and age (young vs old). In circumstances where the overall F-ratio for the ANOVA was significant, differences between individual group means were sought using post hoc pairwise ^-comparisons of least squares means with appropriate correction of the significance level to account for multiple comparisons. Critical differences between old and young rats in the noninnervated and nerve-implant grafts and in the Marcaine-treated muscles are indicated in the tables by asterisks. Significance was set a priori at p < .05. Time variables (TPT, RTV2) were evaluated by a Student-Fisher /-test.
RESULTS
Grafting Series
Control EDL muscles. -The body mass, muscle mass, P o and specific P o for control EDL muscles in both young and old Fischer 344 and WI/HicksCar rats are presented in Table  1 . The significant difference between these data and previous data published by us Faulkner, 1988, 1989 ) is the lower body masses for the young rats compared with the old rats for both strains of rat. Aside from this difference, these values are in reasonable agreement with previous values for control EDL muscles in rats (Carlson and Faulkner, 1988) and mice (Brooks and Faulkner, 1988) . The values of specific P o for old (24-month) rats were not significantly different from those of young (4-month) rats. We have reported a lower muscle mass, P o and specific P o for the EDL muscles of 28-month-old rats compared with 4-monthold rats (Carlson and Faulkner, 1988) . The lack of a significant difference in the absolute values for muscle mass and P o are due to the smaller body mass of the young compared with the old rats. The specific P o , although -15% lower for the muscles of old compared with young rats, did not attain a significant F-ratio because of variability among groups, ages, and strains. For both strains, the P,/P o s were higher for muscles in old compared with young rats.
For the control EDL muscles, no significant differences were observed among the various groups of the two strains of young rats and of old rats for the values obtained for time to peak twitch force (TPT), half relaxation time (RTV2), or twitch force-tetanic force ratio (P,/P o ). Therefore the control data for the three variables were pooled independently (from 33 young and 25 old rats) for each age category. For EDL muscles of young and old rats, respectively, the values of 22 ± 0 . 3 msec and 27 ± 0.8 msec for the TPT, 20 ± 0.5 msec Note: 111N = milliNewtons. *The mean for the old rats is significantly different from the mean for the young rats. p =£ .05.
•The mean for the WI/HicksCar rats is significantly different from that of the Fischer rats, p =s .05. and 23 ± 1 msec for RTV2, and 0.31 ± 0 . 0 1 and 0.38 ± 0.02 msec for P t /P o are within the normal range of values for these variables. We conclude that the P,s, P o s, TPTs, RTV2, and P t /P o obtained for the EDL muscles contralateral to the grafted muscles in both young and old rats provide valid control data.
Noninnervated EDL grafts. -At 21 days after grafting, the longest time local denervation of EDL muscle grafts could be assured, there were no significant differences in the recovery of mass, P o or specific P o between noninnervated grafts in old and young rats of either the F-344 or WI/ HicksCar strains (Table 2) . During this period, the original muscle fibers in the grafts have broken down and have regenerated only to the stage of early cross-striated muscle fibers. The analysis of variance of the control muscles/ noninnervated grafts was performed for muscle mass, P o arid specific P o . A significant F-ratio was obtained for experimental vs control rats, and Wicks/HicksCar rats vs Fischer rats. The f-tests indicated that each of the three variables on the noninnervated grafts in both young and old rats was different from those of control muscles, with the values of Notes: All values for noninnervated and nerve-implant grafts in young and old rats were significantly different from the respective contralateral control values. mN = milliNewtons;/; =S .05. *The mean of the variable for the noninnervated or nerve-implant graft in old rats is significantly different from that in young rats. /; =s .05. the noninnervated muscle grafts significantly lower than the control values (Tables 1 and 2 ). For the WI/HicksCar rats in the control group, the P o of the EDL muscles of the old rats was lower than that of the young. In all 21-day noninnervated grafts, the recovery of P o was small (3-4% of contralateral nongrafted control muscles), despite the fact that mean masses of the noninnervated grafts were relatively much larger (30-40% of controls).
For noninnervated grafts in both young and old rats, an increase in stimulation frequency from 30 to 100 Hz produced a fused tetanic contraction, but normal summation did not occur (Figure 1 ). Further evidence of the lack of summation is the high value of the P,/P o of the noninnervated grafts ( Table 2 ). The lack of summation of force for the noninnervated grafts explains only partially the low P o s observed for the noninnervated grafts. The P,s of the noninnervated grafts were only 4% to 9% of the values for control EDL muscles.
The relative values for P, were about twice the relative values of P o . The TPT and RTV2 were each significantly slowed in the noninnervated grafts (Table 2) , with values ranging from 50 to 60 msec for TPT and from 60 to 90 msec for RTV2.
Nerve-implant EDL grafts. -The analysis of variance of the control muscle/nerve-implant group showed a significant F-ratio for experimental vs control rats and for old vs young for muscle mass, P o and specific P o . In each case the experimental nerve-implant grafts had lower values than the control muscles, and the nerve-implant grafts in old rats had lower values than those in young rats ( Table 2 ). The significant difference in all the measures of graft recovery in old compared with young nerve-implant grafts is in direct contrast to the lack of any age difference in these measures between noninnervated grafts in young and old rats. Nevertheless, the P o of the 21-day innervated grafts in the young rats was only 13% that of the P o of the contralateral control muscles (2314 ± 79 mN). The overall low values of P o in the innervated grafts are a consequence of the early stage of regeneration of muscle fibers 21 days after grafting. The presence of regenerated neuromuscular junctions in the nerve-implant grafts was confirmed morphologically (Figure 2 ).
Marcaine Injection Series
Analysis at two days post-injection showed that the Mar- caine injection caused significant muscle fiber damage (Table 3). In both young and old rats, the Marcaine-treated muscles developed a P o of only 10% the control value. The physiological results were confirmed by morphological analysis (Figures 3 and 4) , which showed significant muscle fiber damage in Marcaine-treated muscles.
Two months after Marcaine injection there was no significant difference between old and young rats in the recovery of Marcaine-treated muscles as measured by either mass or P o (Table 3 ). The P o s of the Marcaine-treated muscles were 83% and 87% of their respective control muscle values in young and old rats, respectively. The ANOVA of the contralateral control muscle/Marcaine-treatment group showed a significant F-ratio for experimental vs control muscles of young and old rats for muscle mass, P o and specific P o , with the exception of the muscle mass of old rats. In each case, compared with the contralateral control EDL muscle, the forces were lower for the Marcaine-treated muscles at both 2 days and 60 days, and the muscle masses were higher. Of importance in terms of the testing of our hypotheses was the lack of any significant difference attributable to age for either the Marcainetreated muscles at 2 days or at 2 months. The TPT, RT'/2, and P,/P o of Marcaine-treated muscles in both young and old rats did not differ from those of the corresponding control muscles (Table 3) . Histologically, the muscle fibers of the Marcainetreated regenerates looked mature (Figure 5 ), but the presence of central nuclei in many of the muscle fibers was evidence of their having regenerated.
DISCUSSION
These experiments were designed to clarify the environmental factors within the host that are responsible for the age-dependent influences on skeletal muscle regeneration. In both the absence of innervation in grafts and the presence of innervation in Marcaine-treated muscles, no significant difference was observed between young or old rats in the degree of recovery of mass or in the development of tetanic force. The fourfold greater P o of 21-day innervated grafts in young compared with old rats in the nerve-implant group illustrates the point that when nerve regeneration occurs, old-young differences in the success of muscle regeneration become apparent.
The lack of a difference in the P o s developed by stable regenerated muscles in young and old rats in the Marcaine injection experiment is attributed to the maintenance of full innervation in Marcaine-treated muscles (Jirmanova and Thesleff, 1972) . Ferre et al. (1989) have noted retraction and subsequent sprouting of motor nerve endings in Marcainetreated muscle. However, these changes took place during the time when the original muscle fibers had undergone phagocytosis, and no actual degeneration of axons, glial cells, or myelin was noted. The retraction and sprouting were interpreted as a reaction to muscle fiber degeneration, which occurs regardless of the stimulus and is not directly attributable to the Marcaine itself. Neural stability returned by 5 days, when regenerating myotubes filled the muscle fiber basal laminae. The lack of a difference between young and old rats in the regeneration of Marcaine-treated muscles, in which axonal degeneration and regeneration do not occur, is consistent with the hypothesis that impaired axonal regeneration and reinnervation of grafted muscles in old rats is a major mechanism underlying the poor muscle regeneration seen in old age.
Our data differ from those of Rosenblatt (1992; Rosenblatt and Woods, 1992) , who observed full recovery of P o after Marcaine was injected into EDL muscles of 130 gm male Wistar rats. Sixty days post-injection, our values for P o in regenerated EDL muscles were 82% and 87% of control values in young and old rats, respectively. The reason for the difference between our results and those of Rosenblatt is not apparent, but the mean mass of the rats used by Rosenblatt suggests that they were less than 2 months old. Animals of this age regenerate muscle tissue very well, even in comparison with young adults of the age used in the present experiments.
An increase in the P,/P o during the early regeneration of EDL muscles in rats was first reported by Carlson and Gutmann(1975); later, Faulkner etal. (1980) noted a similar elevation in the P,/P o of EDL muscles of cats after a standard free-grafting procedure. The present observation is the first time the phenomenon has been described as an almost complete lack of summation with a P,/P o close to 1.00. Nor has the lack of summation been associated previously with the timing of the process of innervation of muscle fibers. The lack of summation and the significantly prolonged TPTs and RTV2S of the noninnervated grafts suggests a delay in the release and uptake of calcium from the sarcoplasmic reticulum. A decrease in calcium uptake by fragmented sarcoplasmic reticulum has been reported for denervated muscles in the rat (Wan et al., 1982) . The lack of summation may also be a consequence of full activation occurring during a twitch.
As is often the case in whole muscle regeneration experiments, there was little relationship between muscle mass and P o or specific P o . The mean muscle masses of both young and old noninnervated grafts did not differ from the mean mass of the 21-day nerve-implant grafts in young rats, but there was a three-to fivefold difference in P o among the groups (Table 2) . Similar disparities between mass and P () were seen between the 2-day Marcaine-treated muscles and their controls, and the 60-day treated muscles (Table 3) . These examples underscore the potential danger of using muscle mass as a comparative indicator without accompanying functional data. In some cases, such as 2-day Marcainetreated muscle in which edema is prominent, the explanation is obvious. In other cases, such as the 21-day graft groups, ready explanations are not possible.
The results of the present experiments, in combination with the results of the cross-age muscle transplantation experiment (Carlson and Faulkner, 1989) , allow one to narrow the options of causes for the age-related differences in the success of regeneration in grafted muscles, as follows:
1. In the presence of regenerating nerves, muscle grafts regenerate much more poorly in old rats than in young rats at both 21 days (present study) and 60 days (Carl-son and Faulkner, 1988, 1989) . This could be due to a decrease in the intrinsic capacity of old muscle to regenerate or to a deficiency in the body of an old rat to support regeneration.
2. In cross-age muscle transplantation experiments (Carlson and Faulkner, 1989) , old muscle grafted into young hosts regenerates well, whereas young muscle grafted into old hosts regenerates poorly. These results show that (a) in vivo old muscle has the capacity to regenerate as well as young muscle, and (b) the environment provided by an old rat does not allow the full expression of the regenerative capabilities of either a young or an old muscle.
3. In the absence of innervation (present experiments), autografted whole muscles in old rats regenerate as well as autografted muscle in young rats (for 21 days, the longest period at which this experiment can be done). This result does not preclude old-young differences at the earliest stages of regeneration, but it does show that if such differences exist, they are eliminated by the time the regenerating muscle fibers reach the early cross-striated stage. This experiment suggests that a possible old-young difference in the process of early revascularization of muscle grafts is not likely to be a major contributory factor to the poor regeneration of muscle in old rats.
4. In the presence of full innervation (Marcaine injection model), muscle in old rats regenerates to stability as well as muscle in young rats (present study). An important aspect of this model is that, even in the overall environment of an old host, muscle can regenerate as well as it does in a young host. This allows one to eliminate certain potential defective mechanisms such as diet, activity level, or possibly macrophage numbers on activity. Variables not directly tested by the Marcaine injection model are tendon regeneration, nerve regeneration, or the humoral environment. Possible differences in the humoral environment between young and old rats could exert a primary effect on tendon or nerve regeneration, but not directly on muscle fiber regeneration. Thus, effects on muscle regeneration would be mediated secondarily.
Taken as a whole, the experimental data summarized above support the working hypothesis that profound old/ young differences appear when regenerating muscles are dependent on innervation by regenerating nerves. At the present time there are no direct quantitative data that would identify a deficiency in either the rate, amount, or functional quality of nerve regeneration in muscle regeneration systems in old animals. Nevertheless, a number of studies on nerve regeneration in old rats have demonstrated deficiencies in both axonal regeneration and sprouting in old rats (Gutmann and HanzlfkovS, 1972; Pestronk et al., 1980; Clark and White, 1991) . Next steps in testing the hypothesis are to identify the aspect of nerve regeneration that is deficient in the grafting models and to demonstrate an improvement in muscle regeneration by reducing the deficiency in reinnervation in old animals.
